Classical brown adipocytes, characterized by interscapular depots, have multilocular fat depots and are known to release excess energy. Recent studies have shown that induction of brown-like adipocytes, also referred to as beige or brite cells, in white adipose tissue (WAT) results in the release of excess energy through mitochondrial heat production via uncoupling protein 1. This has potential a therapeutic strategy for obesity and related diseases as well as classical brown adipocytes. In our previous studies, we found that artepillin C (ArtC, 10 mg/kg body weight), a characteristic constituent of Brazilian propolis, significantly induced the development of brown-like adipocytes in inguinal WAT (iWAT) of mice. Furthermore, we recently demonstrated that curcumin (Cur, 4.5 mg/kg) also significantly induced the development of brown-like adipocytes in mice. The combined administration of several food-derived factors can enhance their bioactivity and reduce their required functional doses. In this study, we showed that co-administration of Cur and ArtC at lower doses (Cur, 1.5 mg/kg; ArtC, 5 mg/kg) additively induce brown-like adipocyte development in mouse iWAT. Moreover, this induction is associated with the localized production of norepinephrine following accumulation of alternatively activated macrophages in iWAT. These findings suggest that co-administration of Cur and ArtC is significantly effective to reduce the dose and enhance the formation of brown-like adipocyte via a unique molecular mechanism.
Brown adipocytes characteristically express thermogenic uncoupling protein 1 (UCP1), which is responsible for leakage of mitochondrial protons and uncoupling of electron transport from the production of ATP, thus facilitating the generation of heat instead of ATP (1) . Recent research has shown that brown-like adipocytes, which are also known as beige or brite cells, are an inducible form of brown adipocytes that are present in white adipose tissue (WAT). Brown-like adipocytes and brown adipocytes have numerous biochemical and morphological features in common (2) . Therefore, induction of brown-like adipocytes holds promise as a therapeutic target in obesity and related disorders due to the innate capacity of these cells to release excess energy as heat.
In earlier work, we used cells and mice to develop a system to assess the ability of food-derived factors to induce brown-like adipocyte formation, and found that oral administration of artepillin C (ArtC; Supplemental Online Material, Fig. S1 , 10 mg/kg body weight for 4 wk), a characteristic constituent of Brazilian propolis (a resinous plant-based substance used by honeybees to construct beehives) (3) (4) (5) , significantly induced brownlike adipocyte formation in inguinal WAT (iWAT) of mice (6) . In addition, the molecular mechanism is that ArtC acts as a peroxisome proliferator-activated receptor g (PPARg) agonist and facilitates stabilization of PRD1-BF-1-RIZ1 homologous domain-containing protein-16 (PRDM16) (6) required for brown-like adipocyte development (7) (8) (9) . Furthermore, we recently reported that in contrast to native curcumin (Cur; Fig. S1 , a yellow pigment extracted from turmeric), the extremely dispersible and bioavailable Cur formulation (4.5 mg Cur/ kg for 4 wk), clearly induced the development of brownlike adipocytes in iWAT of mice via local production of norepinephrine (NE) from accumulated alternatively activated macrophages (10) .
Co-administration of several food-derived factors enhances their bioactivity compared with administration of each factor alone. For example, green tea containing O-methylated catechin and ginger extract enhanced anti-allergic effects (11) , and combination of vitamin A and epigallocatechin gallate strongly suppressed tumor growth (12) . These combination effects may reduce the required functional doses of food-derived factors, and achieve bioactivity at a reasonable dose.
Considering this background and our previous findings, we hypothesized that the co-administration of Cur and ArtC at lower doses significantly induces brownlike adipocyte development in mice, but administration of Cur or ArtC alone does not. In the present study, we demonstrated that a co-administration of low-dose Cur (1.5 mg/kg) and ArtC (5 mg/kg) significantly induced the development of brown-like adipocytes in mouse iWAT. Moreover, this effect is associated with the production of local NE following subsequent accumulation of alternatively activated macrophages in iWAT.
MATERIALS AND METHODS

Chemicals. Highly dispersible and bioavailable
Cur formulation (trade name, Theracurmin, Lot No. 160609-02) and placebo were kindly made available by Theravalues Corporation, Tokyo, Japan (13) . The formulation contains 30% Cur, 6% undisclosed constituents (derivatives of curcumin, including bisdemethoxycurcumin and demethoxycurcumin), 0.7% citric acid, 8.7% dextrin, 14.6% gum ghatti, and 40% maltose. The placebo comprised 1.1% citric acid, 13.6% dextrin, 22.8% gum ghatti, and 62.5% maltose (10) . As reported previously, ArtC was isolated from Brazilian propolis and purified (.99% based on 1 H-NMR) (6) . Antibodies used were as follows: Rabbit polyclonal b-actin antibody (#4967; Cell Signaling Technology Inc., Beverly, MA); Rabbit polyclonal UCP1 (ab10983) and NE (ab8887; Abcam, Tokyo, Japan); Rabbit polyclonal CD68 (bs-0649R) and CD206 (bs-4727R) antibodies (Bioss Inc., Woburn, MA).
Animal experiments. The Animal Experiment Committee of Chubu University approved the design of the animal experiments and the mice were maintained according to their guidelines (Permission Nos. 3010024, 2910006 and 2810005).
Effects of co-administration of Cur and ArtC on the development of brown-like adipocytes in mice. Male 4 wk old C57BL/6J mice were obtained from Japan SLC, Inc. and were housed in an animal facility at 2363˚C. Mice were kept on a 12-h light : dark cycle (lights on from 08:00 to 20:00 h) with free access to water and fed a standard laboratory diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) (6, 10, 14) . After 1 wk, mice were allocated to 1 of 4 groups as follows: Control group (placebo, n510), Cur group (1.5 mg/kg, i.e., 5 mg Theracurmin/kg, n510), ArtC group (5 mg/kg), and Cur1ArtC group (1.5 mg Cur/kg, i.e., 5 mg Theracurmin/kg15 mg ArtC/kg, n5 10). Mice received oral administration of either placebo, Cur, ArtC, or Cur1ArtC via intragastric intubation daily for 4 wk. During the experimental period, all mice groups were allowed free access to water and a partially modified diet based on AIN-93G (15) containing casein, 200 g/kg diet; corn starch, 331.5 g/kg; sucrose, 331.5 g/kg; corn oil, 50 g/kg; cellulose powder, 40 g/ kg; mineral mixture, 35 g/kg; vitamin mixture, 10 g/kg; choline bitartrate, 2 g/kg (6, 10) . Blood samples were collected under isoflurane inhalational anesthesia using a 1 mm EDTA disodium salt syringe; plasma was then removed by centrifugation as described previously (10) . Adipose tissue samples (iWAT, epididymal WAT (eWAT), and brown adipose tissue (BAT)) were also removed (6, 10) . As per our previous study (6, 10) , small pieces of the tissues were fixed and used for hematoxylin & eosin (H&E) staining and immunostaining for UCP1. Staining procedures were performed as previously described (6, 10) . Aliquots of the tissues were homogenized, and used for immunoblot analysis of UCP1 and b-actin, and the obtained visualized immunoreactivity was evaluated as described previously (6, 10, 14, 16) .
Dual immunofluorescence staining. Dual immunofluorescence staining of combinations of CD68 and CD206, CD206 and NE, and colocalization counts of the fluorescent images were performed as previously described (10, (17) (18) (19) (20) (21) . Further details are available in the Supplementary Method (Supplemental Online Material).
Effect of co-administration of Cur and ArtC on stimulation of NE secretion in isolated peritoneal macrophages.
Isolation and culture of macrophages from the peritoneal cavity was performed as previously described (22) (23) (24) (25) . In brief, 4% thioglycolate medium (BD Biosciences, San Jose, CA) was injected intraperitoneally in the mice (C57BL/6J, male, aged 8-9 wk, 1.5 mL/mouse) (22) (23) (24) (25) . At 6 d after the injection, the mice were euthanized with isoflurane and injected intraperitoneally with 5 mL of ice cold PBS containing 2 mm EDTA disodium salt; peritoneal macrophages were then collected from the cavity with a syringe. After slight centrifugation, the collected macrophages were resuspended and plated in a 12-well plate and cultured with RPMI 1650 medium containing 10% fetal bovine serum. To remove nonadherent cells, the medium was exchanged with fresh medium after 2 h of incubation. After 16 h of plating, the macrophages were starved for 4 h and then treated with vehicle (DMSO), Cur (10 mm), ArtC (10 mm), or Cur (10 mm)1ArtC (10 mm) for 20 h. After this treatment, medium was collected and stored at 280˚C until measurement of NE concentration.
Measurement of NE concentration in plasma and cell culture medium. The concentration of NE was measured by using the NE ELISA kit (Cloud-Clone Corp., Houston, TX) according to the manufacturer's instructions.
Statistical analysis. The data was analyzed by using two-way ANOVA. If the interaction effect of two components (Cur and ArtC) was significant, the Tukey-Kramer test was performed to compare the differences between the groups. Data are expressed as means6SE. p values ,0.05 were considered statistically significant. Statistical analyses were performed using Statcel 4 software (OMS Publishing Inc., Saitama, Japan).
RESULTS
Co-administration of Cur and ArtC significantly induced the development of brown-like adipocytes in iWAT
First, we examined whether co-administration of Cur and ArtC results in more development of brown-like adipocytes than with Cur or ArtC alone in mice. Body weight gain, food intake, and adipose tissue weights (eWAT, iWAT and BAT) did not differ among the four groups (Supplemental Online Material, Table S1 ). H&E staining and UCP1 immunostaining in iWAT from the Cur or ArtC groups did not show clear multilocular adipocytes (Fig. 1A) . In contrast, the presence of multilocular adipocytes and UCP1-immunopositive cells was dis-tinctly seen in iWAT in the Cur1ArtC group (Fig. 1A) . H&E staining and UCP1 immunostaining in eWAT and BAT did not differ among the four groups (Fig. 1B, C) . We examined UCP1 protein levels in iWAT and BAT to confirm the results of immunohistochemical analysis. Co-administration of Cur and ArtC additively increased UCP1 protein level compared with placebo ( Fig. 2A ). However, UCP1 protein level in BAT showed no change among the four groups (Fig. 2B) .
Co-Administration of Cur and ArtC increased the localization of alternatively activated macrophages in iWAT
We next examined whether the co-administration of Cur and ArtC induces localization of alternatively activated macrophages in iWAT more effi ciently than Cur or ArtC alone. Immunofl uorescence assay for CD68 (a biomarker of both classically and alternatively activated macrophages) and CD206 (a specifi c marker for alternatively activated macrophages) in iWAT from the Cur1 ArtC group showed clearly increased levels compared to the Cur or ArtC groups (Fig. 3A) . In addition, colocalization analysis of CD68 and CD206 using dual immunofl uorescence staining revealed localization of alter-natively activated macrophages as also being induced in iWAT from the Cur1ArtC group (Fig. 3A) . Next, to confi rm that Cur1ArtC combination induces the localization of alternatively activated macrophages, we calculated the number of CD68 and CD206 dual-positive cells in iWAT using ImageJ. We found that the number of dual-positive cells was strongly increased in the Cur and ArtC groups compared with the placebo, Cur, or ArtC group (Fig. 3B) .
Co-administration of Cur and ArtC increases NE colocalization with CD206-positive alternatively activated macrophages in iWAT
Results in Fig. 3 suggest that co-administration of Cur and ArtC induced localization of alternatively activated macrophages followed by production of local NE from these cells in iWAT. Next, we sought to confirm that NE is generated locally, and so we examined the colocalization of NE with CD206-positive alternatively activated macrophages in iWAT. Dual immunofluorescence staining revealed the presence of higher amounts of NE in alternatively activated macrophages in iWAT from the Cur1ArtC group (Fig. 4A ). Moreover, Cur or Cur1 ArtC group induced the number of NE-positive cells and CD206-positive alternatively activated macrophages compared to the placebo (Fig. 4B) . However, the concentration of NE in plasma did not differ among the four groups (Fig. 5A) .
Co-administration of Cur and ArtC significantly stimulated secretion of NE in peritoneal macrophage cells of mice
Finally, we examined whether co-administration of Cur and ArtC significantly stimulated NE secretion, using peritoneal macrophages of mice in vitro. Administration of either Cur or ArtC alone did not stimulate secretion of NE into the medium. In contrast, co-administration of Cur and ArtC significantly stimulated secretion of NE compared to placebo and the Cur or ArtC group (Fig. 5B ).
DISCUSSION
Induction of development of brown-like adipocytes in WAT results in release of excess energy through the thermogenic UCP1 protein, and has potential as a therapeutic strategy for obesity and related diseases (26) . In our previous studies, we found that ArtC significantly induced the development of brown-like adipocytes in iWAT of mice (6) . Furthermore, we recently demonstrated that Cur also significantly induced the development of brown-like adipocytes in mice (10) . As mentioned earlier, the co-administration of several food-derived factors can enhance their bioactivity, and reduce their required functional doses (11, 12) . Based on these and the findings of previous studies, we first examined whether co-administration of Cur and ArtC at lower doses can significantly induce brown-like adipocyte development in mice. The combination of Cur (1.5 mg/kg) and ArtC (5 mg/kg) additively induced the development of brown-like adipocytes in iWAT of mice. These data suggest that the co-administration of Cur and ArtC can be significantly effective for brown-like adipocyte development at lower doses. However, body weight gain and WAT weights did not differ among the four groups. These results may be due to using normal diet and mice. At the next stage, we should confirm whether co-administration of ArtC and Cur can be significant impact on body fat accumulation using high-fat diet induced obesity model via induction of brown-like adipocytes formation.
These findings raise the question as to how the combination of Cur and ArtC induces the formation of brownlike adipocytes in iWAT. Possible molecular mechanisms include: (1) Cur and ArtC each function as a PPARg agonist with PRDM16 protein stabilization resulting in enhanced induction (6, 9) ; (2) their co-administration activates the b3-adrenergic signaling pathway (27, 28) ; and (3) their co-administration induces local NE production via accumulation of localized alternatively activated macrophages (10, (29) (30) (31) (32) . Our previous study showed that brown-like adipocyte formation induced by ArtC is as a result of ArtC acting as a PPARg agonist facilitating the stabilization of PRDM16 (6) . However, many studies have demonstrated that Cur does not function as a PPARg agonist (33) (34) (35) (36) (37) . These data and that from previous studies thus suggest that the development of brown-like adipocytes mediated by this co-administration is not due to the activation of PPARg. Previous reports indicate that BAT is more sensitive and dominant than WAT to activation of the b3-adrenergic signaling pathway (38, 39) . In our studies, we found that administration of Cur or ArtC alone did not significantly increase plasma NE and b3-adrenaline receptor mRNA levels (6, 10) , and their co-administration also did not significantly change plasma NE concentration. In addition, the UCP1 protein level in BAT was not significantly induced in the Cur, ArtC, and Cur1ArtC groups. These findings suggest that the development of brown-like adipocytes by co-administration of Cur and ArtC is not associated with the b3-adrenergic signaling pathway. In several reports, Cur was found to promote an increase in the accumulation of alternatively activated macrophages in myocardial, renal, and intestinal tissue (40) (41) (42) . Furthermore, we previously demonstrated that administration of Cur alone (4.5 mg Cur/kg) induced the formation of brown-like adipocytes in iWAT via the production of local NE from alternatively activated macrophages (10) . In the present study, co-administration of Cur and ArtC additively increased the numbers of localized alternatively activated macrophages in iWAT. Furthermore, local NE was increased in alternatively activated macrophages in iWAT from the Cur and ArtC groups. In addition, co-administration of Cur and ArtC significantly stimulated NE secretion in peritoneal macrophage cells compared with the control, Cur, and ArtC alone groups. Based on these findings and those of previous studies, the formation of brown-like adipocytes in iWAT induced by co-administration of Cur and ArtC is associated with generation of local NE from alternatively activated macrophages. The administration of ArtC alone did not stimulate production of NE from alternatively activated macrophages in iWAT of mice and isolated peritoneal macrophages. In our previous study, we demonstrated that ArtC induces brown-like adipocyte formation via activation of PPARg accompanied with stabilization of PRDM16 (6). This molecular mechanism may be partially associated with the brownlike adipocytes formation by co-administration of Cur and ArtC. However, the exact reason remains unclear. The present study raised further questions and limitations that need to be addressed. To date, the exact mechanism as to how co-administration of Cur and ArtC significantly increases localization of alternatively activated macrophages and production of NE in iWAT remains unclear. Additionally, the primary molecular targets of brown-like adipocyte induction by co-administration of Cur and ArtC are not fully understood. The elucidation of these targets can contribute to the development of bioactivity studies and its application in the food and nutritional research fields.
In conclusion, we demonstrated that the combination of Cur and ArtC at lower doses strongly induced the development of brown-like adipocytes, and this effect is associated with the generation of local NE in accumulated alternatively activated macrophages of iWAT. These findings may provide a significant illustration that co-administration of food-derived factors is effective to enhance their bioactivity and reduce their required doses.
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